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Abstract 
The galvanic replacement of isolated electrodeposited semiconducting CuTCNQ microstructures on a 
glassy carbon (GC) substrate with gold is investigated. It is found that anisotropic metal nanoparticles 
are formed which are not solely confined to the redox active sites on the semiconducting materials but 
are also observed on the GC substrate which occurs via a lateral charge propagation mechanism. We 
also demonstrate that this galvanic replacement approach can be used for the formation of isolated 
AgTCNQ/Au microwire composites which occurs via an analogous mechanism. The resultant 
MTCNQ/Au (M = Cu, Ag) composite materials are characterized by Raman, spectroscopy, X-ray 
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and investigated for their 
catalytic properties for the reduction of ferricyanide ions with thiosulphate ions in aqueous solution. 
Significantly it is demonstrated that gold loading, nanoparticle shape and in particular the MTCNQ – 
Au interface are important factors that influence the reaction rate. It is shown that there is a synergistic 
effect at the CuTCNQ/Au composite when compared to AgTCNQ/Au at similar gold loadings.     
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1. Introduction 
Over the past several decades, significant attention has been directed towards the synthesis of 
metal-organic semiconducting materials based on metal-7,7,8,8-tetracyanoquinodimethane 
(MTCNQ) [1-7]. In particular, CuTCNQ has been the focus of intensive research due to its 
applicability as a molecule based switching material [8-15]. The chemical, electrochemical and 
photochemical formation of CuTCNQ is well documented however its application is mostly 
limited to potential molecular electronic applications such as switching and field emission. We 
have demonstrated that the applicability of CuTCNQ can be extended beyond this by employing 
well packed continuous films of CuTCNQ modified with gold nanoparticles that showed 
promising photocatalytic activity [16], as well as superhydrophobic properties when in a porous 
form [17]. The CuTCNQ/Au composite material was achieved by using the well-known galvanic 
replacement approach [16, 18]. This methodology was recently extended to fabricate other 
composites comprising CuTCNQ and AgTCNQ decorated with Pt and Pd nanoparticles which 
were investigated for the reduction of CrVI ions using formic acid and thiosulphate ions as 
reductants [19]. During galvanic replacement reactions, typically, a sacrificial metal template 
such as Ag is replaced with a more noble metal by reacting the template metal with ions such as 
Au(III), Pd(IV) and Pt(IV) salts [20-28] where the driving force is facilitated by the difference in the 
standard reduction potential of the metal/metal ion couples involved. The reaction is 
thermodynamically favourable and as such proceeds spontaneously without any applied potential 
[21]. Our previous work on the replacement of continuous CuTCNQ films immobilized on 
copper substrates with gold suggested that the underlying substrate may play a role in the process 
[16, 18]. Recent studies have shown that the replacement of copper with gold is highly 
dependent on the rate of lateral charge propagation that occurs during the course of the reaction 
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which subsequently influences the morphology of the final material in terms of porosity versus 
decoration of the surface [29]. 
Interestingly, it was discovered that unmodified MTCNQ materials can in fact facilitate 
heterogeneous electron transfer reactions in aqueous solution, such as the model reaction of 
reduction of ferricyanide ions with thiosulphate ions [30]. The advantage is that the MTCNQ 
film can be easily recovered from the reactant solution and re-used. It is also known that the 
coinage metals are extremely good catalysts for this model system [31-35] and recent studies 
using immobilized gold nanoparticles in a mesoporous boehmite film exhibited excellent 
catalytic properties [36]. To date galvanic replacement reactions have been performed on either 
colloidal nanoparticles in solution or on continuous films and therefore in this study the role that  
a conducting support material, upon which the sacrificial template is electrodeposited, may play 
in such a synthesis is investigated. Specifically the modification of isolated clusters of CuTCNQ 
and microwires of AgTCNQ formed via electrodeposition on to a glassy carbon (GC) electrode 
with gold was investigated to probe the influence of the underlying GC support which itself 
cannot be galvanically replaced. This is the first report on the observation of a lateral charge 
propagation effect occurring during a galvanic replacement reaction for isolated sacrificial 
templates on a support material. The catalytic activity of the resultant MTCNQ/Au materials was 
also determined for the reduction of ferricyanide with thiosulphate to investigate the effect of 
both the gold coverage and MTCNQ – gold interaction on this reaction. 
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2. Experimental 
Tetrakis(acetonitrile)copper(I) hexafluorophosphate ([Cu(CH3CN)4]PF6), silver nitrate (AgNO3), 
tetrabutylammonium hexaflurophosphate (TBAPF6) and potassium tetrabromoaurate (KAuBr4 ◦ 
3 H2O) were obtained from Sigma-Aldrich and 7,7,8,8-tetracyanoquinodimethane and 
acetonitrile (MeCN) were obtained from Fluka. All chemicals were used as received. 
CuTCNQ or AgTCNQ was formed electrochemically using a CH Instruments (CHI760C) 
electrochemical analyser by applying a -100 mV potential for a period of 30 s at a glassy carbon 
(GC) substrate immersed in 5 mL of a solution containing 9.09 mM TCNQ, 9.09 mM 
[Cu(CH3CN)4]PF6 (or AgNO3 for the formation of AgTCNQ) and 0.1 M TBAPF6 as a 
supporting electrolyte. A platinum wire was employed as the counter electrode and Ag/AgCl (3 
M KCl) as the reference electrode that was placed in a salt bridge containing 0.1 M TBAPF6. 
The electrolyte was degassed for 10 min with nitrogen that had been passed through a solution of 
acetonitrile before any electrochemical experiment was undertaken. 
After 30 s of applied potential, the GC substrate was removed from the solution and 
washed thoroughly with deionized water (MilliQ). Immediately after thorough washing with 
water, the CuTCNQ (or AgTCNQ) covered GC substrates were immersed in separate 3 mL 
aqueous solutions containing either 100 μM or 1 mM KAuBr4. The solutions were then left 
undisturbed for a period of 1, 2 or 4 h, after which the GC substrates were removed from solution 
and washed thoroughly with deionized water (MilliQ).  
Characterisation was then performed on the structures grown on the GC substrates with 
no further modification. Scanning electron microscopy (SEM) images and energy dispersive X-
ray (EDX) analysis were obtained on a FEI Nova NanoSEM at an operating voltage of 15 kV in 
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high vacuum conditions, coupled with a Si(Li) X-ray detector. Raman spectroscopy (Raman) 
was performed on a PerkinElmer Raman Station 200F, using 100 % laser power and automatic 
Raman focus. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo K-Alpha 
XPS instrument at a pressure better than 1 x 10-9 Torr with core levels aligned with adventitious 
C 1s binding energy of 285 eV. 
 
3. Results and discussion 
The electrodeposition of CuTCNQ or AgTCNQ from an acetonitrile solution containing an 
equimolar concentration (9.09 mM) of ([Cu(CH3CN)4]PF6) (or AgNO3) and TCNQ using 0.1 M 
TBAPF6 as an electrolyte can be readily achieved. For the CuTCNQ case, depending on the 
applied potential a continuous well packed film or isolated clusters can be formed [1, 3]. The 
latter is chosen for this study to facilitate the investigation of lateral charge propagation that may 
occur between the CuTCNQ clusters, and therefore an applied potential of -0.1 V vs. Ag/AgCl 
for 30 s was used.  Illustrated in figures 1A and 1B are representative SEM images of the as 
synthesized CuTCNQ microrods on the GC substrate which are consistent with previous studies 
[2]. The lower magnification image in Figure 1A, shows isolated clusters of phase I CuTCNQ 
(the purity and phase of the material was confirmed with FT-IR spectroscopy, supporting 
information Figure S-1) which consist of micrometre sized rods that have cross sections of ca. 1 
μm x 1 μm and are 7-8 μm in length (Figure 1B) and is consistent with the work of Bond et al [1, 
3].  
Upon galvanic replacement of CuTCNQ on GC with 100 μM KAuBr4 in water, shown in 
Figure 1C, decoration of the CuTCNQ microrods with ca. 200 nm Au0 nanoclusters occurs, 
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which is consistent with what we have previously observed for the galvanic replacement of a 
continuous film of CuTCNQ on a Cu substrate [18]. Interestingly, growth of Au0 nanoclusters on 
the surface of the GC substrate is observed (confirmed by EDX analysis, as shown in supporting 
information Figure S-2) which is notable as the GC electrode should not participate in the 
galvanic replacement reaction, as evidenced by the absence of surface roughening. This was also 
confirmed by immersing a GC electrode in 1 mM KAuBr4 for 4 h where no evidence of gold 
nanoparticle formation was observed via SEM imaging (Figure S-3). Significantly, the Au0 
nanoclusters do not grow within small areas ca. 5-10 μm from the CuTCNQ microrods. It can 
also be observed that several additional smaller areas of what is attributed to be CuTCNQ are 
present on the surface. Increasing the concentration of KAuBr4 to 1 mM (shown in Figure 1D) 
results in a markedly different surface wherein fewer large CuTCNQ microrods remain and the 
surface of the GC substrate is instead decorated with large ca. 700 nm Au0 clusters. Also of note 
is the appearance of a thin and porous material (much thinner than was observed for galvanic 
replacement with 100 μM KAuBr4) distributed over the surface which is consistent with re-
deposition of CuTCNQ that occurs during the galvanic replacement process in water as 
described previously [18]. Additional SEM images of the galvanically replaced materials are 
provided in Figure S-4. While the galvanic replacement of CuTCNQ with KAuBr4 has been 
previously established, the metal decoration of the GC substrate which does not directly 
participate in the galvanic replacement reaction indicates that the presence of a conducting 
substrate onto which CuTCNQ is grown has interesting ramifications for the galvanic 
replacement mechanism.  
Illustrated in Figure 2 is a plausible mechanism for the galvanic replacement reaction 
between isolated CuTCNQ clusters on a GC substrate and KAuBr4 in water. In the first step, 
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Au3+ ions spontaneously react with CuTCNQ microrods grown on the GC substrate, resulting in 
a transfer of electrons from the oxidation of CuTCNQ to form TCNQ0, Au0 and an unstable Cu+ 
species by equation 1. 
Au3+(aq) + 3 CuTCNQ(s) ⇌ Au0(s) + 3 TCNQ0(s) + 3 Cu+(aq)  (1) 
Simultaneously, it is proposed that the electrons which are liberated during CuTCNQ oxidation 
can be injected into the underlying GC substrate and transferred laterally whereby reduction of 
Au3+ ions may occur resulting in the deposition of Au0 clusters on the GC electrode which is 
most likely to occur initially at defect sites on the surface. Interestingly, there is also a small area 
around the CuTCNQ microrods where Au0 nanoclusters are not observed (in particular for the 
reaction of CuTCNQ with 100 μM KAuBr4 (Figure 1C). This may be attributable to significant 
consumption of Au3+ ions at the large CuTCNQ structures which results in a depletion zone 
around these structures. Therefore this produces a region where no Au3+ ions are available for 
reaction and hence Au0 is unable to form. This empty region is not observed when 1 mM 
KAuBr4 is used which is due to the extensive consumption of the initial CuTCNQ microrods. 
Significantly the galvanic replacement mechanism for continuous CuTCNQ films demonstrated 
that liberated Cu+ ions spontaneously disproportionated into Cu0 and Cu2+ ions denoted by 
equation 2a. 
2 Cu+(aq) ⇌ Cu2+(aq) + Cu0(s)  (2a) 
These newly generated Cu0 species are then able to react in a corrosion-crystallization process 
[37] with those TCNQ0 generated through oxidation of CuTCNQ (via equation 1) to regenerate 
CuTCNQ as per equation 2b (overall, equations 2a and 2b are represented by step 2 in Figure 2). 
Cu0(s) + TCNQ0(s) ⇌ CuTCNQ(s) (2b) 
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We would therefore expect after the galvanic replacement process to observe Raman signatures 
corresponding to TCNQ0 (shown in supporting information Figure S-5A). These signatures are 
not observed when Raman was performed on the substrate surface, rather all Raman signatures 
corresponded to CuTCNQ, showing features at 1200 cm-1 (C=CH bending), 1380 cm-1 (C-CN 
wing stretching), 1600 cm-1 (C=C ring stretching) and 2200 cm-1 (C-N stretching) confirming the 
presence of TCNQ- in all samples [38]. It is clear that the peak attributable to the C-CN wing 
stretching mode at 1450 cm-1 of TCNQ0 is not present and therefore TCNQ0 is not attached to 
the surface. However, when Raman was performed on the reaction solutions after galvanic 
replacement (refer to Figure S-5B), a significant peak corresponding to the C-CN wing stretching 
mode at 1450 cm-1 was observed, indicating that a significant amount of the TCNQ0 that is 
formed as a result of equation 1 is liberated into solution and is not bound to the GC surface. 
This suggests that the galvanic replacement process is initiated at the tips of the CuTCNQ 
microrods which are far from the GC surface. The rectangular GC plate electrode is placed so 
that the long axis is pointed downwards in solution and therefore would not facilitate the 
accumulation of significant amounts of TCNQ on the surface. This is also evidenced by the 
presence of small yellow crystalline particulates at the bottom of the reaction vessel. Given that 
there is a dispersion of TCNQ crystals into the solution we can propose that only partial 
regeneration of CuTCNQ occurs from TCNQ formed at the surface which results in the thin film 
growth as seen in Figure 1D, via equation 2b. This results in a gradually diminishing surface 
concentration of CuTCNQ that is available for any subsequent galvanic replacement reaction as 
demonstrated in equation 3, as follows  
6 TCNQ0(s) + 6 Cu+(aq) ⇌ 3 CuTCNQ(s) + 3 TCNQ0(s) + 3 Cu2+(aq)  (3) 
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The regenerated CuTCNQ is then able to react with remaining Au3+ ions in the reaction 
solution and the process continues until all the CuTCNQ or Au3+ ions are consumed (step 3 in 
Figure 2). The significant consequence of only partial CuTCNQ regeneration is that the rate of 
the galvanic replacement reaction slows down the longer the reaction occurs from both 
diminishing concentrations of KAuBr4 and CuTCNQ and so both may be the limiting reagent. 
When reacted with 100 μM KAuBr4 we still observe large CuTCNQ microrods decorating the 
GC surface suggesting that at that KAuBr4 concentration, the concentration of KAuBr4 acts as 
the limiting reagent, while conversely, if the KAuBr4 concentration is increased by a factor of 
ten, we suggest that CuTCNQ acts as the limiting reagent and galvanic replacement continues 
until nearly all CuTCNQ is consumed and results in a larger number of gold clusters on the GC 
surface. In this particular case the CuTCNQ material acts almost as a relay material to inject 
electrons into the underlying conducting substrate to facilitate gold nanoparticle formation.  
This is significantly different to the case of continuous CuTCNQ films where the 
consumption of CuTCNQ and TCNQ liberation into solution was not observed but rather 
complete decoration of the surface with gold [18]. Therefore allowing the electrons created 
during CuTCNQ oxidation to propagate laterally into the GC substrate influences the galvanic 
replacement reaction rate significantly, i.e. slows down the rate of gold deposition at CuTCNQ 
while favouring gold deposition at GC thereby allowing neutral TCNQ to diffuse away from the 
surface. In a previous study the replacement of continuous copper films with gold was 
investigated where the rate of electrons flowing in the underlying copper template was controlled 
via the use of an external resistance connected to the copper foil [29]. It was found in that case 
that perturbing the rate of electron flow in the substrate controlled the porosity of the final Cu/Au 
material. Therefore for our system even though the GC support material is not involved in the 
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galvanic replacement process the ability to laterally propagate charge is highly influential on the 
decoration of MTCNQ materials with gold nanoparticles.  
Indeed it appears that the lateral propagation of electrons into GC which results in Au0 
formation on the GC surface is favoured over the transfer of electrons to Au3+ ions at the 
CuTCNQ solution interface as shown in Figure 1 where less decoration of gold on CuTCNQ is 
observed compared to GC. Therefore without the fast accumulation of gold on the CuTCNQ 
surface the TCNQ which is formed during the redox reaction appears to have sufficient time to 
dislodge from the surface and diffuse into solution. 
To elaborate on the growth process, a time dependent reaction was carried out where 
CuTCNQ structures grown on a GC substrate were galvanically replaced with 1 mM KAuBr4 
over 1 and 2 h as shown in Figure 3. After 1 h CuTCNQ microrods were decorated with clusters 
of metal nanoparticles and surprisingly very little deposition of metal nanoparticles on the GC 
surface. However, after galvanic replacement for 2 h, a large increase in the abundance of small 
(ca. 200 nm) irregularly shaped metal nanoparticles on the GC surface was observed. In 
comparison to surface bound nanoparticles after 4 h of galvanic replacement (as shown in Figure 
1D) rather than an increasing abundance of smaller metal nanoparticles (as was the case with 
increasing the galvanic replacement time from 1 to 2 h) an increase in the size of the 
nanoparticles is observed. These observations agree well with previous studies that have 
demonstrated that during galvanic replacement it is easier to form Au0-Au0 bonds (i.e. growth of 
an existing cluster) than to form new Au0 nucleation sites [39]. This is also consistent with the 
electrodeposition of gold onto GC where continuous films are generally difficult to fabricate and 
the formation of isolated nanoparticles is generally observed in the literature [40-41].  
 12 
The gold nanoparticles which are formed on the GC surface also possess interesting 
nanostructured morphology and consist of agglomerates of smaller particles. This anisotropic 
growth is time dependent as can be observed when comparing the shape of gold nanoparticles 
after 1, 2 and 4 h of reaction.  This type of growth may be attributed to the presence of Cu2+ ions 
which have previously been demonstrated to drive the formation of anisotropic Pt nanostructures 
created via the galvanic replacement of copper with platinum [42]. The nanostructures observed 
after 1 h of galvanic replacement appear to be quasi-spherical which can be attributed to a lower 
concentration of liberated Cu2+ ions at the early stages of the galvanic replacement reaction. 
In addition to our study on the galvanic replacement of CuTCNQ, a similar replacement 
process was undertaken on electrochemically grown micro-wire like structures of AgTCNQ on 
GC. SEM images of the resulting structures are displayed in Figure 4 where the AgTCNQ 
microwire structures are demonstrated to grow as large discrete clusters of wires on the GC 
surface and is consistent with those reported by Bond et al [43], wherein individual wires are 
observed to be upwards of 100 μm in length with cross sectional diameters ranging from ca. 100 
nm to 1 μm. The purity of AgTCNQ was confirmed with Raman spectroscopy (shown in 
supporting information Figure S-6) where significant peaks were observed at 1200 cm-1 (C=CH 
bending), 1380 cm-1 (C-CN wing stretching), 1600 cm-1 (C=C ring stretching) and 2200 cm-1 (C-
N stretching) [44] confirming the presence of TCNQ- and, as with CuTCNQ, the absence of 
TCNQ0 was confirmed with the lack of a characteristic C-CN wing stretching mode at 1450 cm-
1. After galvanic replacement of AgTCNQ with 100 μM KAuBr4, shown in Figure 4C, the 
formation of a large quantity of ca. 100 nm gold nanoclusters decorating both the surface of the 
AgTCNQ microwires and the GC substrate can be observed which is similar to the galvanic 
replacement of CuTCNQ with the same KAuBr4 concentration. Also comparable results were 
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obtained when the galvanic replacement of AgTCNQ was undertaken with 1 mM KAuBr4 
(Figure 4D). Here large ca. 200 nm diameter gold clusters are formed which decorate both the 
surface of the AgTCNQ microwires and the GC electrode surface. Interestingly, unlike when 
CuTCNQ was galvanically replaced with the same concentration of KAuBr4 (1 mM), the 
complete dissolution of the microwire structures of AgTCNQ is not observed, albeit extensive 
dissolution is still seen. This suggests that either non-equivalent amounts of CuTCNQ and 
AgTCNQ are present on the same area of the GC substrate or that CuTCNQ is more readily 
oxidized than AgTCNQ. Interestingly, the gold nanoparticles achieved at the AgTCNQ template 
appear to be more spherical in nature than the more irregular or fractal like structures observed 
when galvanic replacement was performed on CuTCNQ. This adds further support to the role 
that Cu2+ ions play as a shape directing agent in the growth mechanism of anisotropic shaped 
gold nanomaterials on CuTCNQ as discussed above.   
XPS analysis showing the presence of Cu2+ ions is demonstrated in Figure 5A, with a 
significant shift in the Cu 2p3/2 binding energy to ca. 932.6 eV (from 933.7 eV for pristine 
CuTCNQ [45]) and the presence of significant shake-up satellite peaks due to the formation of a 
Cu2+ species during the galvanic replacement reaction, most likely residual CuBr2 which was 
retained on the material surface after removal from the galvanic replacement solution. CuO is 
unlikely to be the product as the Cu 2p3/2 binding energy is expected to be significantly higher. 
Analysis of the Ag 3d core levels (Figure 5C) demonstrates in the presence of an Ag+ species 
with Ag 3d5/2 binding energy of 367.9 eV. Additional analysis of the Au 4f XPS spectrum 
(Figure 5B) allows the surface concentration of gold to be determined. For the replacement of 
CuTCNQ, 2.2 times more gold is present on the surface after galvanic replacement using 1 mM 
compared to 100 µM KAuBr4. When we consider the Au 4f spectra of CuTCNQ galvanically 
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replaced with 1 mM KAuBr4 for 1, 2 and 4 h we observe that the ratio of gold with respect to C 
increases from 1 : 1.7 : 2.5 respectively, which may have significant implications for potential 
catalysis applications which may be influenced by both the abundance and shape of the gold 
nanoparticles. When comparing the apparent surface gold concentrations between galvanically 
replaced CuTCNQ and AgTCNQ materials, there is little difference between the surface gold 
concentrations in the case of both KAuBr4 concentrations (100 μM and 1 mM). The difference in 
gold abundance between CuTCNQ/Au and AgTCNQ/Au samples is less than 10 % which may 
be attributable to the slight differences in the initial loading of MTCNQ on the GC surface.   
In addition to studying the galvanic replacement mechanism, we explored the suitability 
of the synthesized materials to act as potential catalysts for the conversion of ferricyanide to 
ferrocyanide with thiosulphate ions in aqueous solution. The ferri- to ferrocyanide conversion 
reaction is established for CuTCNQ in the literature [30]  and can be demonstrated through the 
overall reaction as outlined in equation 3. 
2[Fe(CN)6]3- + 2S2O32- ⇌ 2[Fe(CN)6]4- + S4O62-  (3) 
 It was found that the rate of the reaction was limited by the injection of charge from thiosulphate 
ions into CuTCNQ rather than the subsequent transfer of electrons to the ferricyanide ions. The 
synthesized materials were immersed in separate solutions containing 9 mL of 1 mM potassium 
ferricyanide and 1 mL of 1 M sodium thiosulphate and the UV-visible absorbance due to 
ferricyanide ions was measured as a function of time, which is displayed in Figure 6A for 
pristine CuTCNQ and Figure 6B for CuTCNQ galvanically replaced with 1 mM KAuBr4 for 4 h. 
It is apparent from the UV-visible spectra that the absorbance of the ferricyanide ions after the 
introduction of CuTCNQ decreases with time and indicates that the material acts as a catalyst to 
 15 
convert the ferricyanide ions to ferrocyanide ions as reported previously. It can be seen that after 
40 min reaction time that pristine CuTCNQ on GC results in total conversion to ferrocyanide as 
shown in Figure 6A. Significantly, this conversion time was improved to 19 minutes and 14 
minutes upon galvanic replacement with 100 μM and 1 mM KAuBr4, respectively (Figure 6C), 
indicating that while CuTCNQ may be employed as an effective catalyst for ferri-ferrocyanide 
conversion as seen previously, the presence of gold nanoparticles greatly increases this catalytic 
activity. Interestingly, when CuTCNQ was galvanically replaced for 2 h with 1 mM KAuBr4, the 
time required for complete reaction was comparable to when galvanic replacement was 
performed for 4 h (Figure 6C).  
Spiro et al [35] have demonstrated that while the redox reaction between ferricyanide 
ions and thiosulphate ions should be spontaneous at ambient temperature, experimental evidence 
disagrees suggesting  the reaction is  kinetically limited. The redox reaction can be summarised 
as two couples, outlined below in equations (4) and (5). 
S2O32- ⇌ ½ S4O62- + e- (4) (+0.08 V vs. SHE) 
Fe(CN)63- + e- ⇌ Fe(CN)64-  (5) (+0.36 V vs. SHE) 
Therefore, Spiro et al have proposed that the catalytic reaction is a surface controlled process 
which is facilitated by electron transfer through the gold nanoparticles that controls the reaction 
rate. Therefore an analogous mechanism is proposed to occur here as summarised in Figure 7. 
However it is well known that the nature of the support on which metal nanoparticles are 
immobilised can demonstrate significant differences in catalytic activity for a variety of reactions 
[46] due to perturbation of their electronic properties via intimate contact with a semiconductor 
and this is discussed below for both CuTCNQ/Au and AgTCNQ/Au systems.  
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By plotting log (At/A0) versus Time where At is the absorbance at time ‘t’ and A0 refers 
to the absorbance at time zero and determining the slope of the linear part of the plot, the kinetics 
of the reaction can be determined, as shown in Figure 6D. The reaction is assumed to be first 
order due to the excess of thiosulphate ions used in the reaction. Utilising CuTCNQ gave a 
reaction rate of 2.2 x 10-2 min-1 which also increases dramatically to 0.31 min-1 and 0.47 min-1 
upon galvanic replacement with 100 μM and 1 mM of KAuBr4 for 4h, while galvanic 
replacement with 1 mM KAuBr4 for 1 and 2 h demonstrated a rate of 0.13 min-1 and 0.49 min-1, 
respectively. While a significant increase in rate constant is observed it must be noted that these 
are apparent rate constants and will therefore depend on the reaction conditions [36]. Upon 
consideration of the XPS and SEM analysis, our findings suggest that the significant increase in 
conversion rate for decorated CuTCNQ can be attributed more to an optimal loading of gold than 
to their size or shape. The materials galvanically replaced with 1 mM KAuBr4 for 1 and 2 h 
demonstrated significantly different catalytic activity while possessing similar gold nanoparticle 
size and morphology, indicating that under these conditions the surface concentration of gold is 
the dominant factor given that 1.7 times more gold was formed after 2 h of galvanic replacement. 
Also of note is that the catalytic activity did not increase upon increasing the gold surface 
concentration by a further 50 % as for the sample galvanically replaced for 4 h. It appears that 
the rate becomes limited upon reaching a certain surface concentration of gold. This is in contrast 
to the work of Spiro et al on this reaction employing gold colloids who demonstrated a linear 
dependence of the reaction rate on gold loading [34]. This strongly suggests that the underlying 
MTCNQ material is playing a significant role in the catalytic reaction. However the preparation 
of a CuTCNQ/Au composite is beneficial for this reaction and reduces the amount of gold 
necessary for complete reduction of ferricyanide to ferrocyanide. As mentioned above the 
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limiting factor for the catalytic activity of CuTCNQ for this reaction was the injection of charge 
into CuTCNQ from the thiosulphate ions [30]. Therefore the formation of gold on the surface 
would appear to alleviate this barrier and increase the rate of reaction. Interestingly when the 
reaction rate data for CuTCNQ/Au formed via replacement with 1 mM KAuBr4 for 1 h (Figure 
3A) and 100 µM KAuBr4 for 4 h (Figure 1C) which have comparable surface gold 
concentrations (within 10 %) shows that the more anisotropic gold nanoparticles (Figure 1C) 
demonstrate a higher rate of 0.31 min-1 compared to the more spherical gold particles (Figure 
6D) of 0.13 min-1. This indicates that below the optimal gold loading that nanoparticle shape 
may play a role in the catalytic reaction. This is analogous to the photocatalytic performance of 
CuTCNQ/Au materials where again an optimal gold loading was required for maximum 
degradation of Congo red in aqueous solution [16, 18].  
To investigate the role of the underlying semiconducting MTCNQ support material on 
the reaction rate the AgTCNQ and AgTCNQ/Au systems were investigated. In the case of 
AgTCNQ, the pristine sample demonstrates a rate constant of 7.3 x 10-3 min-1 which increases 
dramatically to 2.2 x 10-2 min-1 and 8.2 x 10-2 min-1 upon galvanic replacement with 100 μM and 
1 mM of KAuBr4 over 4h, respectively (corresponding to 120 min, 37 min and 24 min 
conversion time, respectively (Figure 6C)). Significantly, the reaction rates are an order of 
magnitude lower in the case of AgTCNQ/Au when compared to CuTCNQ/Au prepared under 
the same conditions even though comparable gold loadings were used (Figure 6D). It was seen 
for CuTCNQ/Au with high gold loading that shape did not appear to play a role and therefore the 
presence of smooth (inset of Figure 4D) rather than anisotropic gold nanoparticles on AgTCNQ 
is unlikely to be the reason for such a decrease in activity. This implies that there is a synergistic 
effect between CuTCNQ and gold nanoparticles which is absent in the AgTCNQ/Au case which 
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is consistent with previous studies which showed that CuTCNQ/Pt is a better catalyst than 
CuTCNQ/Pd for the reduction of CrVI ions [19] It is known that the conductivity of phase I 
CuTCNQ (0.2 S cm-1) is higher than that of AgTCNQ (1.25 x 10-6 S cm-1) [30] and therefore the 
type of contact between the gold nanoparticle and MTCNQ material is expected to play a 
significant role. For CuTCNQ an Ohmic contact would be expected whereas in the case of 
AgTCNQ/Au a Schottky contact may be established due to the poor conductivity of AgTCNQ. 
This is expected to inhibit both the charge injection process from thiosulphate ions into the 
composite and charge transfer from the composite to the ferricyanide ions during the catalytic 
reaction where a balance between both of these processes is critical for good reaction rates [30]. 
Therefore it appears that the formation of CuTCNQ/Au at an optimal gold loading is able to 
provide this balance and promote the reaction. 
 
4. Conclusion 
In conclusion, we have demonstrated the galvanic replacement of isolated CuTCNQ 
microstructures on a GC substrate with KAuBr4 to create CuTCNQ/Au which, unlike our 
previous work, has shown an additional electron transport process through the GC substrate to 
facilitate the nucleation and growth of metallic Au0 nanoclusters on the GC surface, away from 
the CuTCNQ structures from which the electrons are supplied. It has also been demonstrated that 
this galvanic replacement approach can also be achieved at another semiconducting charge 
transfer complex, namely AgTCNQ, to yield AgTCNQ/Au microwires. The resultant composite 
surfaces demonstrate promising catalytic performance for the reduction reaction between 
ferricyanide and thiosulphate ions at optimal gold nanoparticle coverage where significantly it 
 19 
was found that there is a synergistic effect at the CuTCNQ/Au system which is absent in the case 
of AgTCNQ/Au. This also opens up the possibility of creating other MTCNQ/metal nanoparticle 
composite materials with interesting applications. 
 
Supplementary Information. Low and high mag. SEM, EDX, FT-IR and Raman spectroscopy 
are available as supplementary information.  
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List of figures 
Figure 1. SEM images of (A) and (B) CuTCNQ on a GC substrate galvanically replaced with 
(C) 100 μM and (D) 1 mM KAuBr4 in aqueous solution for 4 hours. 
 
Figure 2. Schematic representation of the galvanic replacement mechanism between CuTCNQ 
microrods on a GC (GC) substrate with KAuBr4 in water. Step 1 is the redox reaction between 
Au3+ and CuTCNQ resulting in decoration of the CuTCNQ surface with Au0 and injection of 
electrons into the GC electrode. Step 2 illustrates partial regeneration of CuTCNQ which occurs 
during the replacement process and liberation of TCNQ into the solution. Step 3 is the decoration 
of regenerated CuTCNQ with Au0.  
 
Figure 3. Low and high magnification SEM images of CuTCNQ structures grown on a GC 
substrate galvanically replaced with KAuBr4 for a period of 1 h (A,C) and 2 h (B,D) 
 
Figure 4. SEM images of (A and B) AgTCNQ microstructures electrochemically grown on GC 
substrate and their galvanic replacement with (C) 100 μM KAuBr4 and (D) 1 mM KAuBr4 for 4 
hours. 
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Figure 5. XPS analysis showing the Cu 2p core level spectra (panel A), Au 4f core level spectra 
(panel B) and Ag 3d core level spectra (panel C) from CuTCNQ microrods and AgTCNQ 
microwires before and after their reaction with 100 μM and 1 mM KAuBr4 in aqueous solution. 
 
Figure 6. UV-Visible spectroscopy of the ferricyanide ion upon reaction with thiosulphate ions 
in the presence of CuTCNQ on a GC substrate (A) and CuTCNQ galvanically replaced with 1 
mM KAuBr4 (B). Panel (C) shows the time taken for CuTCNQ and CuTCNQ galvanic replaced 
with 100 μM and 1 mM KAuBr4 over 4 h to reduce the absorption of ferricyanide ions to zero 
under UV-Visible spectroscopy. (D) Plot of ln(At/A0) for the above mentioned materials from 
which the rate constant of the reaction could be determined. 
 
Figure 7. Schematic representation of the gold nanoparticle catalysed electron transfer process 
between thiosulphate ions and ferricyanide ions in aqueous solution. 
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